Purpose. To investigate the clinical, phenotypic and genotypic characteristics of Staphylococcus aureus strains causing osteoarticular infections in a large paediatric series.
INTRODUCTION
Staphylococcus aureus remains the most common pathogen involved in osteoarticular infections [1, 2] . The emergence of community-associated methicillin-resistant S. aureus (CA-MRSA) has altered the epidemiology and complicated the management of paediatric osteoarticular infections [3, 4] .
S. aureus possesses several virulence factors that enable the pathogen to adhere and invade host tissues and evade immune defences [5] . These include toxins such as PantonValentine leukocidin (PVL) and adhesion proteins including Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMMs) [6, 7] . PVL is a necrotizing toxin that is more commonly associated with MRSA than MSSA, and is thought to be responsible for the increased virulence seen in many cases of MRSA infections [6, 8, 9] . It is associated with more invasive osteoarticular disease including higher rates of septic shock, longer hospital stays and the need for prolonged antibiotic and increased surgical interventions [9, 10] . MSCRAMMs have been directly implicated in the pathogenesis of osteoarticular infections [7] . These components, which specifically recognize, interact with and bind to host extracellular matrix (ECM) and plasma proteins, have been shown to play a crucial role in the development of osteomyelitis [11, 12] .
The purpose of the present study was to investigate the clinical, phenotypic and genotypic characteristics of community-associated S. aureus (CA-SA) paediatric osteoarticular infections and identify differences between MRSA and MSSA infections regarding clinical spectrum and virulence genes during an extended period. These findings could possible add to the knowledge of S. aureus pathogenesis mechanisms and evolution over time, while also potentially helping clinicians regarding resistance patterns and therapeutic recommendations for osteoarticular infections.
METHODS

Study design and population
Children (0-16 years old) who were hospitalized with a diagnosis of CA-SA osteoarticular infection at the "Aghia Sophia" Children's Hospital (Institution 1) and "P. and A. Kyriakou" Children's Hospital (Institution 2) from 2007 to 2015 (8 years) were included. Institutions 1 and 2 are the two largest tertiary care paediatric referral centers in Athens, accommodating 700 and 400 beds, respectively. Institutions 1 and 2 receive annually 51 000-53 000 and 25 000-27 000 admissions. They both serve the population of the greater Athens area of about 4.25 million people (2014 census), as well as other parts of central and southern Greece. Cases were identified from the microbiology laboratory database at each hospital. The demographic, clinical and radiological characteristics, as well as laboratory and microbiological findings, were recorded after review of medical records. Moreover complications, surgical interventions (for debridement or paracentesis) and outcome were also documented for each child. Complications that were recorded included bacteraemia, deep venous thrombosis, pyomyositis, endocarditis, chronic osteomyelitis, ICU admission and death.
Children with invasive CA-SA bone and joint infections such as osteomyelitis and/or septic arthritis were identified according to the Centers for Disease Control and Prevention (CDC) surveillance definitions and criteria for CA-SA [13] . The study was approved by the Institutional Review Board (IRB) of the hospital.
Microbiological methods
Bacterial cultures were performed according to standard microbiological methods. Blood and synovial fluid cultures were carried out using the BD BactecPeds plus/F vials in the Bactec system (Becton, Dickinson and Company, MD, USA). S. aureus was identified by Gram staining, catalase and coagulase production (Pastorex Staph-Plus, Bio-Rad, Marnes-la-Coquette, France) and the Vitek 2 System (bioMerieux, Marcy l'Etoile, France). Antimicrobial susceptibility testing to cefoxitin, gentamicin, rifampicin, kanamycin, erythromycin, clindamycin, tetracycline, ciprofloxacin and sulphamethoxazole-trimethoprim was performed by the disk diffusion method according to the Clinical Laboratory Standards Institute (CLSI) guidelines, whereas for fusidic acid the European Committee for Antimicrobial Susceptibility Testing (EUCAST) breakpoints were used. MICs of vancomycin, teicoplanin, linezolid and daptomycin were determined using a gradient method (E-test, bioMerieux). Methicillin-resistant S. aureus (MRSA) cases were defined as those with cefoxitin-resistant isolates by the disk diffusion method.
Molecular genotyping and toxin genes detection Molecular investigation for genotyping and detection of toxin genes and adhesion factors was performed prospectively for the 68 available S. aureus strains preserved at À80 C in the National Staphylococcal Reference Laboratory, Department of Microbiology, School of Medicine, University of Patras. PBP2a was tested by latex agglutination test (Slidex MRSA, bioMerieux). DNA extraction was performed onto agarose disks, with pulsed field gel electrophoresis (PFGE) of SmaI DNA digests in a CHEF DR III apparatus (Bio-Rad Laboratories, Richmond, CA, USA) as described [14] . Visual interpretation of the PFGE banding patterns and the assignment of types (pulsotypes) were performed according to the criteria of Tenover et al [14] . PFGE types were denoted by upper case letters for MRSA and by numbers for methicillin-susceptible isolates (MSSA). Accessory gene regulator system (agr) groups and staphylococcal chromosome cassette (SCCmec) types were defined by PCR [15, 16] .
Multilocus sequence typing (MLST) was performed on 26 MRSA isolates, and sequence types (STs) were assigned according to established protocols (http://saureus.mlst.net) Genes encoding PVL (Panton-Valentine leukocidin), Cna (adhesin binding to collagen), Fib (adhesin binding to fibrinogen), ClfA (adhesin binding to fibrinogen and involved in platelet aggregation and immune invasion), ClfB (adhesin binding to fibrinogen, cytokeratin 10, loricrin and involved in adhesion to epithelial cells and platelet aggregation), FnBPA and FnBPB (adhesins binding to fibronectin and elastin), Bbp (adhesin binding to bone sialoprotein), Eno (encodes laminin-binding protein) and EbpS (adhesin binding to elastin) were analysed by PCR as described previously [17] [18] [19] [20] . Reference strains NCTC13552, FRI913, ATCC119095, ATCC49775 and ATCC31890 were used as controls.
Statistical analysis
Categorical variables according to either the Chi-squared test or Fisher's exact test, and continuous variables by the Mann-Whitney U test, were analysed, or by the KruskalWallis test, as appropriate. Differences in trends over time were analysed with the Chi-squared test for trends and associations among parameters with Pearson's correlation test. All P-values reported are two-tailed and statistical significance was set at 0.05. Data were analysed using SPSS version 19.0 (IBM inc. NY).
RESULTS
During the study period, 123 children with CA-SA osteoarticular infections were detected, of which MRSA accounted for 44 (35.8 %). The incidence of CA-SA osteoarticular infections in our settings was calculated at 1.96 cases per 10 000 admissions, which did not vary significantly during the study period (P=0.1, Chi-squared test for trend). The demographic characteristics of the patients are shown in Table 1 . Among the 123 children, the mean age (±SD) was 96.86 (±45.79) months, 56.1 % were male and 69.1 % were of Greek origin. Twelve children (11.1 %) had a previous injury at the site of infection, of whom six were infected with MRSA (15.8 %) and six with MSSA (7.6 %) (P=0.33).
No other difference was observed between MRSA and MSSA cases regarding patients' demographic characteristics.
Laboratory characteristics and radiological investigation
The laboratory findings for children following hospital admission for staphylococcal osteoarticular infections are shown in Table 2 . There was no significant difference between MRSA and MSSA groups on comparison of white blood cell (WBC) and absolute neutrophil counts. However, from all three children with low WBC (<3000 µl Radiological investigation data were available for 100 children (Table 3) 
Antimicrobial resistance
Antimicrobial resistance patterns among S. aureus isolates are presented in Table 5 . All isolates were susceptible to Genotyping and pathogenic gene detection Molecular analysis was performed on the 68 available isolates (42 MSSA and 26 MRSA) ( Table 6 ). All MRSA strains were mecA-positive, whereas none carried mecC. Most MRSA isolates carried the SCCmec IV cassette (23/26, 88 %) and belonged to PFGE type C (24/26, 92.3 %), agr type 3 (24/26, 92.3 %) and the ST80 clone (24/26, 92.3 %). In contrast, MSSA strains showed polyclonality according to PFGE (37 different types were detected) and agr typing (four different types, the most common being agr 1, 45.2 %).
Among the MRSA isolates typed by MLST, 24 (92.3 %) belonged to ST80 (PFGE type C), one (3.8 %) to ST377 (type G) and one (3.8 %) to ST217 (type F).
Twenty-five (96.2 %) MRSA and 2 (4.8 %) MSSA isolates were PVL positive (P<0.0001). All MRSA PVL-positive strains belonged to ST80, PFGE type C, agr type 3, carrying SCCmec IV, except for one strain possessing SCCmec II and another that belonged to ST377, PFGE type G, agr type 1, carrying SCCmec V. The single MRSA strain that was PVL negative belonged to ST217, PFGE type F, agr type 1 and SCCmec III.
There was a statistically significant difference shown for the detection of certain MSCRAMMs genes between MRSA and MSSA isolates (Table 6 ). More specifically, MRSA strains had a higher detection rate of fib (80.8 vs 50 %, P=0.02), and MSSA a higher detection rate of clfA (100 vs 84.6 %, P=0.018). All other MSSCRAMMs studied had non-significant detection rate differences between the two groups.
Comparing the association of the presence of MSSCRAMMs by clinical and laboratory parameters within the total population, no differences were detected except for a statistically significant correlation of PVL positivity with days of hospitalization (PVL positive vs negative: 19.94 ±7.61 vs 14.47±5.11 days (r s : 0.411, P=0.002, Spearman's correlation).
DISCUSSION
S. aureus paediatric osteoarticular infections can have a devastating impact because of serious and long-lasting sequelae, especially on remaining growth, and are associated with complications in both MSSA and MRSA cases [21] . In the present study, a large series of S. aureus paediatric osteoarticular infections were investigated regarding clinical characteristics, and bacterial isolates were further characterized for antibiotic resistance, presence of virulence genes and genotypes.
In our population, approximately one third of S. aureus osteoarticular infections were due to MRSA. Although in our study the non-Greek population is over-represented (30 %), the MRSA percentage did not differ among the various ethnic groups studied. In recent years, because MRSA has been increasingly reported as a cause of osteoarticular infections it should be considered when selecting empirical antimicrobial therapy [3, 4] . However, there is significant geographic variation in MRSA prevalence in osteoarticular infections, with countries such as the USA reporting a high prevalence (30-40 %) whereas others such as Finland reporting zero cases [22, 23] .
Regarding resistance to other antibiotics, all isolates tested were susceptible to vancomycin, trimethoprim-sulphamethoxazole, linezolid and daptomycin, though an official licence for the last two of these is awaited for paediatric use in Europe. Clindamycin remains the choice for empirical antimicrobial treatment of osteoarticular infections, although its resistance rate of 8.1 % (for MRSA, 11.4 %) should be considered seriously in cases where no clinical improvement is seen.
In several studies MRSA infections seem to have been more frequently associated with complications [24] [25] [26] . In our study, more than half of the children with either MRSA or MSSA developed complications and no significant differences were detected regarding imaging findings or the need for surgical intervention. However, children with MRSA had higher admission rates to ICUs and a longer duration of hospitalization, and one child died following complications.
From genotyping analysis of S. aureus isolates, MRSA strains were found to belong to a limited number of clones and showed higher detection rates of specific virulence genes, in contrast to MSSA, which showed polyclonality. The MRSA isolates of PFGE type C analysed by MLST belonged to the ST80 clone and 88 % carried the SCCmec type IV cassette. In Europe, ST80 was found to be the most common PVL-positive, SCCmec type IV-bearing MRSA strain [27] . PVL-positive ST80-IV MRSA strains have been reported by several Western European countries as an increasingly common cause of MRSA infections, including Denmark, Sweden and Switzerland, whereas in Greece these strains have predominated [28] [29] [30] [31] [32] [33] [34] . The same clone has previously been described in studies for the period 2003-2012, as well as in a recent study regarding paediatric S. aureus pneumonia cases by our group [32, 33, 35, 36] . It is not clear why ST80 strains have not spread to North America or why the USA300 strains, which are the most common genotype in the USA, have not spread widely to Western Europe [37] . Less commonly, ST80 MRSA strains have also been reported in other parts of the world [27] . SCCmecIV seems to be essential for the emergence and success of CA-MRSA, because this element is smaller and much more mobile than are SCCmecI-III, which is present in HA-MRSA strains, and imparts little or no fitness cost either in vitro or in vivo [38] .
The molecular base of CA-MRSA virulence remains a subject of controversy [39] , and the role of PVL in CA-MRSA infections is still a matter of debate. Acquisition of PVL genes and increased expression of core genome-encoded toxins are being discussed as potentially contributing to the success of CA-MRSA strains [6, 40] . Although PVL was initially regarded as playing a pivotal role in the pathogenicity of CA-MRSA, evidence suggests that its importance may depend on the site of infection. Although an association between PVL and severity has been reported in lung and bone infections, its role in skin and soft tissue infections is not clear [9] . In the present study, in most MRSA strains PVL was detected (96.2 %), in contrast with MSSA where only a minority of isolates harboured the gene (4.8 %) and the presence of PVL was associated with an increased number of days of hospitalization as described previously [9] .
In our population, children with MRSA infection had much higher values of CRP and ESR, possibly attributable to the inflammatory role of PVL.
The molecular factors underlying the spread of CA-MRSA strains are still far from being completely understood, a situation calling for enhanced research efforts in that area [5] . S. aureus has global regulatory systems, such as Agr, SarA and SaeRS, which govern a multitude of different aspects of staphylococcal physiology, including many virulence traits [6] . Agr is known as a pivotal regulator of virulence regarding toxin production, expression of surface proteins and even the regulation of mecA expression [41, 42] . Among the isolates studied, most MRSA strains belonged to agr type 3 in contrast to MSSA strains, which belonged to diverse agr types.
In our population, we detected no differences in clinical or laboratory parameters, or in the development of complications between MSCRAMMs-positive and -negative infections. MSCRAMM proteins are surface adhesins that are covalently linked to cell wall peptidoglycan and have been implicated in the colonization of epithelial cells and pathogenesis, although their exact role remains under investigation [11, 43] .
One limitation of the present study is that the epidemiological part was conducted retrospectively, compromising uniform access to all medical information. However, this represents the combined population of the two largest paediatric institutions in Greece.
In conclusion, our study showed that CA-MRSA infections account for a significant proportion of S. aureus paediatric osteoarticular infections in our area, mainly due to a predominant single clone that is present in the community and has also been described in other European countries. The molecular factors underlying the spread and virulence of CA-MRSA strains are still far from being completely understood, a situation calling for enhanced research efforts in that area. Continuous epidemiological surveillance is required and the conventional management of such infections shall be modified accordingly, especially in children, where the therapeutic options remain limited.
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